Introduction {#Sec1}
============

Alignment has been shown to be an important factor in survival of total knee prostheses (TK) \[[@CR1], [@CR10], [@CR22]\]. Varus or valgus alignment of more than three degrees is associated with aseptic loosening, decrease of the prosthesis survival, and could impair the range of motion \[[@CR1], [@CR10]\]. In conventional surgical techniques, the position of the TK is determined by alignment rods, which only achieve correct alignment in 75% of cases even if performed by experienced surgeons \[[@CR18]\].

Recently, several studies have shown improved alignment of knee prostheses when using either CT-free or CT-based computer assisted orthopaedic surgery (CAOS) \[[@CR1], [@CR2], [@CR4], [@CR6], [@CR13], [@CR17], [@CR24]\]. Although the placement accuracy has been proven to be higher using this technique, ultimately initial progressive micromotion of a TK as measured with RSA is of more importance, since this is indicative of future prosthesis survival \[[@CR13], [@CR23], [@CR26]\].

The primary goal of this study was to determine whether postoperative TK alignment was improved when comparing the two CAOS techniques with the conventional alignment instruments. A secondary goal was to assess whether the two existing CAOS techniques reduced micromotion of the TK during a two year follow-up.

Materials and methods {#Sec2}
=====================

A prospective, randomised study using two different modalities of CAOS (CT-based and CT-free) in 40 cemented Nexgen total knee prostheses (Zimmer, Warsaw, Indiana, USA) was performed. Four TK (one CT-free and three CT-based) were lost after randomisation due to problems with the CAOS system. In three instances (one CT-free and two CT-based TK), the CAOS intraoperative attachment trees loosened from the tibial or femoral bone during the bone saw cuts. In one other instance the CT-based COAS software could not section the femoral or tibial bones separately, thus making navigation impossible. Thus 36 TK remained for evaluation. The control group was a conventionally operated TK group, matched for preoperative deformity (i.e. varus or valgus), BMI (body mass index), and age, of 21 cemented Nexgen TK. All operations were performed by either of two CAOS experienced surgeons. The study protocol was approved by the medical ethics committee and all patients gave informed consent. The study was blinded for evaluation of the clinical, radiological, as well as the micromotion measurements.

The Brainlab's Vector Vision system (version 1.5.1, Brainlab, Munich, Germany) was used. This is a camera-based navigation system, onto which two navigation approaches were implemented. The CT-based CAOS uses a preoperative CT scan of the hip, knee, and ankle from which a 3D model is reconstructed. According to this model and CT data, preoperative planning can be achieved, and during surgery this preoperative planning is registered with the patient by matching bony landmarks. In the other approach (CT-free CAOS), all patient specific data are collected during surgery. The software calculates the optimal prosthesis size and position based on several anatomical reference points identified by the surgeon. In this way, a 3D bone model is adapted to the specific patient.

Randomisation was by means of a randomisation list generated by a computer program. The randomisation number was revealed the day before surgery, since a CT scan had to be made if the patient was allocated to the CT-based group. Nineteen TK were performed using CT-free CAOS and 17 using CT-based CAOS. In neither of the two applications was the CAOS ligament balancing option used.

The mean age was 71 years (SD 11.5 years; *p* = 0.2), body mass index (BMI) 28 kg/m^2^ (SD 3.8 kg/m^2^; *p* = 0.5), preoperative leg alignment (hip knee ankle angle \[HKA\]) 180° (SD 8.9°; *p* = 0.3), and preoperative destruction of the knee according to the Kellgren & Lawrence scale 4 points (SD 0.4 points; *p* = 0.1) \[[@CR8], [@CR15]\]. For the preoperative Clinical Knee Society score, the mean preoperative functional score was 34 points (SD 21.9 points; *p* = 0.8) and the mean preoperative knee score was 24 points (SD 19.9 points; *p*=0.9).

No significant differences between the three groups were present preoperatively.

A cemented Nexgen total knee prosthesis was implanted by a median incision and medial parapatellar approach. All knees had a fluted tibial base plate (either fixed or mobile bearing insert). All patients received a patellar component.

Radiographic measurements {#Sec3}
=========================

Pre- and postoperatively, a weight-bearing long-leg AP radiograph and a lateral radiograph of the knee were taken and the preoperative extent of articular destruction was scored.

The pre- and postoperative mechanical axis (HKA), the frontal femoral component angle (FFC), and the frontal tibial component angle (FTC) were measured and are depicted in Fig. [1](#Fig1){ref-type="fig"}. The aim of the surgery was to achieve an HKA angle of 180°. In the coronal plane, the medial angle of the components to the mechanical axes should be 90° for the tibial and femoral component. Fig. 1Radiograph showing the measured angles in the coronal plane. Depicting the angle between the femoral and mechanical axis (the hip knee angle \[HKA\]), the angle between the anatomical femoral and tibial axis (the femoral tibial angle \[FTA\]), the angle between the tangent to the most distal part of the femoral condyles and the mechanical axis (the frontal femoral component angle \[FFC\]), and the angle between the tangent to the tibial base plate and the mechanical axis (the frontal tibial component angle \[FTC\])

On the lateral radiographs, the lateral tibial component angle (LTC) was measured, as depicted in Fig. [2](#Fig2){ref-type="fig"}. The LTC was determined by measuring the posterior angle between a line parallel to the posterior cortex of the tibia and a line parallel to the tibial base plate. The tibia slope (TS) is expressed as 90° minus the LTC; the target of this angle was 7° as advised by the manufacturer. All of these radiographs were checked for the appearance of radiolucent lines. Fig. 2Radiograph depicting the measured angle in the sagittal plane between the tangent to the tibial base plate and the tangent to the posterior cortex of the tibia (the lateral tibial component angle \[LTC\])

Clinical (knee society score \[KSS\]) and radiological evaluations were performed preoperatively, within one week postoperatively, at six weeks, three months, six months, one year, and two years postoperatively. RSA analysis was performed using the Model Based RSA (MBRSA) (version 3.02, Medis Specials, Leiden, The Netherlands) technique \[[@CR14], [@CR27]\]. The analogue stereo radiographs were scanned with a Vidar VXR-12 scanner (Vidar, Lund, Sweden) at a resolution of 150 dots per inch.

The *x* axis represents the medio--lateral axis (lateral movement taken as positive), the *y* axis the caudal--cranial axis (cranial movement taken as positive), and the *z* axis the posterior--anterior axis (anterior movement taken as positive). Translations of the centre point of the tibia are presented. The error in migration calculation with MBRSA was measured using 44 double examinations and, presented as standard deviations, is 0.06 mm for translations in the *x* and *y* directions and 0.16 mm for the out of plane *z* direction. For rotations about the *y* axis, the standard deviation was 0.3° and for rotations about the *x* and *z* axis 0.2°. Since migration is highly dependent on the type of implant, only the fluted fixed based tibial components were analysed for micromotion (11 CT-free CAOS, 9 CT-based CAOS, and 19 conventional TK).

Statistical methods {#Sec4}
===================

The statistical analysis was performed using the statistical software package SPSS (version 12.0.1, SPSS Inc., Chicago, USA). Mean values and standard deviations of the measured angles and the clinical scores were calculated for each group. A one-way ANOVA was used on the data to determine the differences between the three groups with respect to the continuous variables. A Levene's test was used to determine whether the group variances were equal for the tested parameters. If the variances were unequal a Kruskal-Wallis test was used instead of a one-way ANOVA. To determine the effect of deviation from the ideal HKA on micromotion, the radiographic angle measurements were categorised: well aligned (within 3° deviation of the ideal positioning) and mal-aligned (more than 3° deviation from the ideal positioning). The chi-square test was used to analyse the categorical data. The Pearson's correlation test was used to detect any correlation between micromotion and component alignment.

Results {#Sec5}
=======

Radiographic results {#Sec6}
--------------------

### Hip knee ankle angle {#Sec7}

No significant difference was found between the three TK groups (Fig. [3](#Fig3){ref-type="fig"}, chi-squared *p* = 0.2) with respect to deviation from ideal alignment. While the CT-based CAOS group had more valgus malaligned knees (mean 179°, SD 3.0°), the conventional group had more varus malaligned knees (mean 181°, SD 2.7°), as can be seen in Fig. [3](#Fig3){ref-type="fig"}. The CT-free CAOS group (mean 181°, SD 1.9°) showed the least variance (Levene's test *p* = 0.07), but no significant difference was seen between the mean of the three groups (ANOVA *p* = 0.07) (see Table [1](#Tab1){ref-type="table"} and Fig. [3](#Fig3){ref-type="fig"}). Fig. 3Chart depicting the distribution of the hip knee angle (HKA) for the three groups of surgical technique. No significant difference was found between the three groups (chi-squared *p* = 0.2)Table 1Number of TK aligned within the ideal range (within 3°) for the different limb and component anglesAngle (°)Desired range (°)ConventionalCT-freeCT-based*P* value(*n* = 21)(*n* = 19)(*n* = 17)HKA177--183 Mean (SD)181 (2.7)181 (1.9)179 (3.0)0.07 Within range (*n*)1417120.2FTA Mean (SD)175 (2.8)176 (2.7)174 (3.6)0.3FTC87--93 Mean (SD)89 (2.4)89 (1.5)89 (1.7)0.8 Within range (*n*)2018161.0FFC87--93 Mean (SD)90 (1.8)90 (1.3)91 (2.8)0.6 Within range (*n*)2019130.03TS4--10 Mean (SD)5.4 (3.8)5.0 (2.9)5.2 (2.6)0.9 Within range (*n*)1214130.4*HKA* hip knee angle, *FTA* femoral tibial angle, *FTC* frontal tibial component angle, *FFC* frontal femoral component angle, *TS* tibial slope

### Frontal component angles {#Sec8}

With respect to alignment, the tibial implants were all very well aligned (chi-squared *p* = 1.0) (see Table [1](#Tab1){ref-type="table"} and Fig. [4](#Fig4){ref-type="fig"}). Fig. 4Chart depicting the distribution of the frontal femoral component angle (FFC) for the three surgical technique groups. The CT-free group had significantly more well aligned components than the CT-based group (chi-squared *p* = 0.03)

With regard to the femoral implants, the conventional group had 20 out of 21 well aligned knees, the CT-free CAOS group had all 19 out of 19 knees well aligned, and the CT-based had 13 out of 17 well aligned knees. This difference was significant (chi-squared *p* = 0.03).

### Tibial slope {#Sec9}

A satisfactory slope within 3° of the optimum was achieved in 12 of the 21 implants in the conventional group, 14 of the 19 implants in the CT-free CAOS group, and in 13 of the 17 implants in the CT-based CAOS group. These differences were not significant (*p *= 0.4) (Table [1](#Tab1){ref-type="table"}).

RSA results {#Sec11}
-----------

### Translations {#Sec12}

At six months follow-up, the mean migration along the *y* axis (i.e. subsidence) of the tibial component was 0.08 mm (SD 0.089) for the conventional group, −0.033 mm (SD 0.144) for the CT-free group, and −0.035 mm (SD 0.259) for the CT-based group. At one year follow-up these values were 0.12 mm (SD 0.193) for the conventional group mean, −0.014 mm (SD 0.189) for the CT-free group mean, and −0.028 mm (SD 0.408) for the CT-based group mean (see Fig. [5](#Fig5){ref-type="fig"}). These differences were not significant (ANOVA *p* = 0.1 and ANOVA *p* = 0.2, respectively) between the groups. Fig. 5Graph depicting the migration along the caudal--cranial axis (subsidence). The values are given as mean and standard deviation and are positive if the translation was in the cranial direction. Significantly more micromotion was seen in the conventional group

At two-year follow-up, a significant difference was present (ANOVA *p* = 0.01) for micromotion along the caudal--cranial *y* axis (i.e. subsidence), with the conventional TK group showing more micromotion (mean 0.16 mm, SD 0.191 mm) compared to the CT-free group (mean 0.01 mm, SD 0.123 mm) and the CT-based group (mean −0.05 mm SD 0.208 mm) (Table [2](#Tab2){ref-type="table"}, Fig. [5](#Fig5){ref-type="fig"}). The CT-based group showed more variance (Levene's test *p* = 0.04) with a large variation in translation in the posterior--anterior *z* axis. Table 2Mean translations (95% confidence interval) and mean rotations (95% confidence interval) of the tibial component at two-year follow-up DirectionConventional *n* = 19CT-free *n* = 11CT-based *n* = 9*P* valueTranslation (mm)Lateral--medial0.04 (−0.057, 0.142)0.07 (−0.039, 0.173)0.04 (−0.182, 0.259)0.9Caudal--cranial0.16 (0.065, 0.250)0.01 (−0.069, 0.097)−0.05 (−0.213, 0.107)0.01Posterior--anterior−0.14 (−0.371, 0.099.)−0.02 (−0.256, 0.217)0.43 (−0.822, 1.680)0.3Rotation (°)Anterior tilt0.02 (−0.370, 0.403)−0.02 (−0.654, 0.608)0.67 (−1.055, 2.398)0.4Internal rotation−0.14 (−0.442, 0.171)−0.30 (−0.790, 0.186)0.05 (−1.057, 1.163)0.7Lateral tilt−0.09 (−0.268, 0.095)−0.17 (−0.421, 0.086)−0.18 (−0.507, 0.142)0.8

### Rotations {#Sec13}

The mean rotations along the three axes were not significantly different between the three groups. No correlation with any of the measured angles (e.g. HKA, FFC, LTC, and FTC) was found.

There was one outlier in each group. They showed large migrations in the posterior--anterior direction (conventional 1.20 mm, CT-free 1.38 mm, and CT-based 1.00 mm) and anterior tilting (1.82°, 2.66°, and 2.08°, respectively). One of these patients (CT-based, BMI 30 kg/m^2^) had a broken tibial cam and the implant had to be revised. This caused the large SD in this group. Migration of the tibial component from a patient of the CT-free group seemed to stabilise during the follow-up, another migrating tibial component from the conventional group showed continuous micromotion during the study follow-up. Neither were severely obese (BMI = 26 kg/m^2^ and 27 kg/m^2^ respectively) but were outliers with respect to the HKA and FTA. The patient showing the continuous migration had a varus malalignment of 6°, while the other patient was 4° with respect to the HKA.

Clinical results {#Sec15}
----------------

In the clinical evaluations no differences were seen between the three groups in postoperative knee society score. The knee society scores and the flexion and extension of the knee are listed in Table [3](#Tab3){ref-type="table"}. Table 3Postoperative clinical scores at one-year follow-up (mean \[SD\]) Parameter evaluatedConventional (*n* = 21)CT-free (*n* = 17)CT-based (*n* = 15)*P* valueKSS knee65 (13.8)66 (17.6)61 (6.7)0.6KSS function66 (33.5)80 (16.9)70 (23.1)0.5Flexion (°)116 (11.4)117 (12.6)115 (11.9)1.0Extension (°)−1 (7.5)−3.4 (6.5)−1 (6.8)0.8

The mean surgical time was 137 (SD 43.3) minutes in the conventional group, 148 (SD 25.0) minutes in the CT-free CAOS group, and 159 (SD 33.3) minutes in the CT-based group (Kruskal-Wallis *p *= 0.1).

Discussion {#Sec14}
==========

The necessity to align the limb correctly after total knee arthroplasty has been stressed by others \[[@CR1], [@CR10], [@CR22], [@CR25]\]. Malpositioning in any of the anatomical planes of the knee can cause problems such as early loosening and excessive polyethylene wear. The aim should be a restoration of the mechanical axis of the leg (HKA of 180°) where a valgus malalignment is more forgiving than a varus malalignment \[[@CR1], [@CR22]\]. To optimise TK placement CAOS has been promoted. After it's introduction several authors noted significant improvement in prosthesis position with CAOS compared to the conventional technique with alignment guides \[[@CR1]--[@CR4], [@CR5], [@CR7], [@CR11], [@CR17], [@CR19], [@CR20]\]. At present, no long-term results in comparison to conventionally placed TK are available. Continuous micromotion during the first two postoperative years is a warning for probable aseptic loosening at ten years \[[@CR23]\]. Thus, RSA micromotion measurements will relate best to the value of a new CAOS technique for knee prosthesis placement with respect to longevity of the implant \[[@CR23]\]. This study compared two CAOS techniques to the conventional method of TK replacement. Only four studies have used a CT-based CAOS technique and compared it to the conventional technique \[[@CR1], [@CR3], [@CR11], [@CR20]\].

We were unable to perform a sample size calculation because the expected proportion of micromotion of the navigated TK was unknown due to lack of previous studies.

Since TK malalignment is considered a key factor for excessive TK micromotion with consequent failure at late follow-up, the overall alignment (i.e. HKA) in the three groups was within one degree of the ideal alignment. Ideal alignment of the tibial component in the sagittal plane was present in only 57% of the conventional TK and 74--76% in the two CAOS TK groups. Since the study's population was small and inaccuracy of radiographs is rather high \[[@CR9]\], data from our study might not have reached significance.

The mean caudal--cranial translation of the "conventional" tibial component was clinically small (0.16 mm) at two-year follow-up, but it was significantly larger than in the two CAOS groups. As early migration of this component is considered to be predictive for early loosening, this value indicates that in the long run the "conventional" tibial component might perform worse than the two "CAOS" components in terms of early loosening.

This study showed a significantly better alignment (*p* = 0.03) in the FFC for the CT-free compared to the CT-based group. Although the difference of one degree was clinically not relevant, this result is similar to the study of Matziolis et al. in which the alignment of the femoral component was improved by CT-free CAOS \[[@CR21]\]. The comparison in other outcome measures between CT-free and CT-based CAOS showed similar results to the study of Bathis et al., with no significant difference but a better performance of CT-free CAOS \[[@CR1]\].

A potential error in CT-based CAOS originates during the preoperative planning, where detection of the border of bone is dependent on the settings of the threshold of the grey values. Therefore visualisation of severely damaged bone is extremely difficult. Ironically, these severely damaged knees are the ones one would like to be able to plan in advance because of their potential difficulty during surgery.

The mean duration of the surgical procedure was prolonged as well, with the CT-free procedure lasting nine minutes and the CT-based procedure 22 minutes longer. Though no significant difference existed, this could potentially lead to a higher infection rate. Another disadvantage is the additional radiation dose because of the preoperative CT-scan.

In both techniques the same reference trees are attached to the femur and tibia. No complications of these markers were seen pre- or postoperatively so far. However, there are some case reports describing a femoral stress fracture related to the hole of the reference tree \[[@CR12], [@CR16]\].

In this study a significant difference in micromotion in caudal--cranial direction between the groups at two years was found, with more micromotion in the conventional group. CT-free CAOS showed a significantly better performance in FFC than CT-based CAOS, though clinically similar results for limb and TK alignment were found.
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